Embryonic stem cells (ESCs), which have characteristics such as self-renewal, indefinite proliferation, and pluripotency, are thought to hold great promise for regenerative medicine. ESCs are generally cultured on mouse embryonic fibroblast (MEF) or MEF conditioned medium (MEF-CM). However, for therapeutic applications, it is preferable for ESCs to be cultured under chemically defined conditions.
In order to maintain undifferentiated mouse ESCs, in general it is necessary to co-culture a fibroblast originating from a mouse fetus as a feeder cell. The same method is used to maintain primate ES cell lines. 2, 3, 7) Although mouse ESCs can be propagated in the absence of feeder cells in media supplemented with leukemia inhibitory factor (LIF), human ESCs cannot be propagated in these media. 2, 8) Recently studies have shown that several growth factors are involved in human ESC self-renewal. bFGF maintains human ESCs in an undifferentiated state. 9, 10) BMP antagonist Noggin can synergize with bFGF to promote human ESC self-renewal and to sustain human ESC proliferation. 9) In addition, the wnt/-catenin, activin/TGF, and PI-3K pathways may also be important for maintaining pluripotency, [11] [12] [13] [14] but the common signal systems in various species for regulating the maintenance of stem cells, and suppression of differentiation remain unclear.
To understand the underlying molecular mechanisms of ESC self-renewal, it would be useful to identify the small molecules that permit precise regulation of ESC self-renewal.
Hence we established a screening system to identify chemical compounds that can maintain ESCs in an undifferentiated state by measuring alkaline phosphatase (ALP) activity. It is known that ALP exists on the cell membrane of undifferentiated ESCs, and that it decreases in association with differentiation. 2, 15) Here we report the discovery, from chemical library screening, of chemical compounds that maintain ESCs in undifferentiated states. We believe that these compounds provide a basis for studying the molecular mechanisms of ESC self-renewal.
Materials and Methods
Cell culture. D3ES ESCs, obtained from American Type Culture Collection (CRL-1934), were maintained y To whom correspondence should be addressed. Present address: Asahi Kasei Medical Co., Ltd., Chiyoda-ku, Tokyo 101-8482, Japan; Fax: +81-3-3259-5725; E-mail: miyabayashi.tb@om.asahi-kasei.co.jp * Present address: Functional Additives, Asahi Kasei Chemicals Corporation, Kawasaki, Kanagawa 210-0863, Japan on Mitomycin C treated MEFs in mouse ESC medium containing DMEM (Invitrogen) supplemented with 15% FBS (Invitrogen, Carlsbad, CA), 0.1 mM MEM nonessential amino acids (Invitrogen), 0.1 mM 2-mercaptoethanol (Sigma, St. Louis, MO), 2 mM L-glutamine (Invitrogen) and 1,000 U/ml LIF (Chemicon, Temecula, CA). For serum-free media, KnockOut Serum Replacement (KSR, Invitrogen) was used as a substitute for FBS at the same concentration. To remove MEFs, cells were collected by trypsinization and plated on gelatin-coated culture dishes for 20 min. Non-adherent cells, consisting mainly of ESCs, were replated on gelatin-coated culture dishes. Non-adherent cells were used in further experiments.
Compound screens. For the small molecule screen, the alkaline phosphatase activity of ESCs was determined. ESCs were plated into 96-well tissue culture plates at a density of 316-1,000 cells per well in ESC medium without LIF. Compounds were added to a final concentration of 4 mg/ml. The cells were treated with compounds for 4-7 d. Test-cell populations were washed with PBS, and 100 ml of p-nitrophenyl phosphate solution (Moss, Pasadena, MD) was added. Absorbance at 405 nm and 690 nm were measured by spectrophotometer (Spectramax, Molecular Devices, Sunnyvale, CA). ALP activity was determined by subtracting the absorbance at 690 nm from that at 405 nm.
Flow cytometry. Analysis of SSEA-1 expression of ESCs was performed by flow cytometry.
16) The test-cell population was washed in ice-cold Hanks balanced salt solution (Invitrogen) containing 2% FCS (HF), and resuspended for 10 min in HF containing anti-mouse CD16/CD32 monoclonal antibody at 1 mg/100 ml (Pharmingen, San Diego, CA) to block nonspecific binding. Blocked cells were then incubated at 1 Â 10 7 cells/ml for 40 min on ice with anti-SSEA-1 (Kyowa Medex, Tokyo, Japan) followed by FITC-Goat anti Mouse IgM antibody (Zymed, South San Francisco, CA). Cells to be analyzed for SSEA-1 expression were then washed twice in HF with 2 mg/ml of propidium iodide (Dojindo, Kumamoto, Japan) added into the final wash. The cells were then resuspended in HF for analysis on a FACS Calibur (Becton Dickinson, Franklin Lakes, NJ).
RT-PCR. Two mg of extracted total RNA was reversetranscribed using SuperScript III RT-PCR system (Invitrogen) according to the manufacturer's protocol. Real-time PCR was performed with 1 ml of cDNA and the gene-specific primers using LightCycler FastStart DNA Master SYBR Green I (Roche Diagnostics, Basel, Switzerland) under optimized conditions. Primers were as follows: Nanog-F, 5
0 . Expression was normalized to GAPDH control.
Immunocytochemistry and antibodies. In vitro differentiation was induced via embryoid bodies. Embryoid bodies, derived from ID-8-treated ESCs, were cultured (adherence culture) for 7-14 d to induce further differentiation.
Cells were fixed for 20 min with 4% paraformaldehyde in PBS. Immunostaining was carried out using standard protocols. Primary antibodies were used at the following dilutions: anti -fetoprotein mouse monoclonal (R&D Systems, Minneapolis, MN, 10 mg/ml), anti-actin, smooth muscle Ab-1 mouse monoclonal (Lab Vision, Fremont, CA, 1:1) and III-tubulin mouse monoclonal (Chemicon, 1:200). Secondary antibodies were Alexa Fluor 594 goat anti-mouse IgG (H+L). Cells were imaged using an Olympus IX 70 microscope with Â100{200 magnification.
Results
To screen large numbers of compounds to find those that maintain ESCs in their undifferentiated states, we established a system measuring ALP activity. ALP activity can be quantified by the spectrophotometric method, as follows: An alkaline solution of p-nitrophenylphosphate (pNPP) is added to cells on a culture dish. pNPP is hydrolyzed by ALP present on the cell membrane to produce p-nitrophenol. Measuring the absorbance of the produced solution at 405 nm makes possible quantification of ALP activity. 17) As the initial step in our research, we used this system to screen 15,000 compounds selected from Asahi Kasei's proprietary chemical library (which consists of discrete chemical compounds), searching for compounds that enhance ALP activity. Out of six positive molecules, we identified ID-1 (MW = 394.5, Fig. 1A) as the most promising. ID-1 dose dependently increased ALP activity (Fig. 1B) in MEF free media without the addition of exogenous leukemia inhibitory factor (LIF). ESCs cultured in the medium supplemented with ID-1 formed dense undifferentiated colonies that looked similar to the colonies formed with ESCs maintained by LIF (Fig. 1C) . Treatment with ID-1 resulted in enhanced expression of another undifferentiated ESC marker, Stage Specific Embryonic Antigen 1 (SSEA-1) (Fig. 1D) . [18] [19] [20] The degree of undifferentiation of the ESCs can also be analyzed by measuring the expression level of the Oct3/4 gene. This gene is a transcription factor belonging to a POU family, and it is expressed specifically in the undifferentiated state in ESCs. In addition, in homozygous mice in which the Oct3/4 gene was disrupted, development stopped at the blastodermic vesicle stage. Thus, it was found that the Oct3/4 gene has an important function in maintaining the undifferentiated state. 21) On the other hand, it was found recently that overexpression of the Oct3/4 gene promotes differentiation of ESCs. 22) Hence it is important to keep the expression level of Oct3/4 in a specific range to maintain the undifferentiated state. A quantitative PCR (polymerase chain reaction) was performed to measure the expression level of the Oct3/4 gene of ID-1 maintained ESCs, and the Oct3/4 gene expression level was found to have been kept to a level similar to that of ESCs cultured with LIF (Fig. 1E) .
We conducted further screening for compounds that are effective in the long-term culture of ESCs from ID-1 derived compounds. In screening 10 derivatives, we found that ID-8 (which has hydrogen, a methyl group, and a p-anisil group instead of the respective dimethylaminomethyl, dimethylaminovinyl, and p-tolyl groups seen in ID-1) allowed for long-term expansion of ESCs in culture without the addition of MEFs, serum, or LIF. ESCs were cultured in serum-free media supplemented with 10 mM ID-8 for more than 1 month. ID-8 stimulated proliferation at a steady rate similar to LIF (Fig. 2) .
We evaluated the capacity to differentiate of longterm cultured ESCs in the medium supplemented with ID-8. Removal of ID-8 induced ESCs to form heterogeneous morphology via embryoid bodies. Immunocytochemical analysis of these cultures showed the ability to form all three germ layer-derived tissues, such as neurons, muscles, and liver, by the expression of IIItubulin, MAP2, smooth muscle actin, and -fetoprotein (Fig. 3A-D) . RT-PCR analysis further confirmed the expression of differentiation marker genes, Brachyury, GATA4, and -fetoprotein (Fig. 3E) . Thus, cells maintained in the medium supplemented with ID-8 differentiated into various cell types in vitro.
Removal of ID-8 from the long-term culture led to a precipitous drop in Nanog, Sox2, and Rex-1 levels, and to ESC differentiation (Fig. 4) .
The presence of the Nanog gene was found in mouse and human and it was identified as one of molecules regulating undifferentiation of the embryonic stem cell without activation of LIF or STAT3. 23, 24) When ex- pression of the Nanog gene is suppressed by gene destruction, the pluripotency of the embryonic stem cell is lost, and in contrast, when the Nanog gene is strongly expressed to increase the expression level, undifferentiation of ESCs can be maintained even in the absence of LIF. 23) Hence a substance, e.g., a low molecular weight compound, enabling increases in the expression level of the Nanog gene, can be used to maintain undifferentiation of the embryonic stem cell for culturing the pluripotent embryonic stem cell. ID-8 also increased and maintained Nanog expression in culture (Fig. 4) .
Sox2 is a HMG domain containing a transcription factor known to be essential to normal pluripotent cell development and maintenance. 25) Recently, it has been found that Sox2 binds the Nanog promoter through cooperative interaction with Oct3/4 and regulates Nanog gene expression. 26) In contrast, the Rex-1 gene, which contains an acidic domain and four repeats of the zinc finger motif, is a well-recognized marker of the pluripotent state of ESCs, and its expression is upregulated directly by Nanog. 27, 28) These results indicate that ID-8 reversibly maintains the long-term culture of ESCs by sustaining Nanog gene expression through Sox2-Oct3/4 activation.
Discussion
Here, we report the discovery of novel chemical compounds that allow the expansion of undifferentiated ESCs. Establishing a system to quantify the ALP activity of ESCs enables one to screen for compounds that are sufficient to maintain undifferentiated ESCs. ID-1 was identified by screening of chemical libraries. It increases ALP activity in a dose-dependent manner. ESCs cultured in serum-free medium supplemented with ID-8 for more than 30 d retained their characteristic morphology and expressed markers such as SSEA-1, OCT3/4, Rex-1, Sox2, and Nanog. Furthermore, upon removal of ID-8, they consistently differentiated into many types of cells including neurons, muscle cells, and hepatocytes. Thus ESCs cultured in serum-free medium supplemented with ID compounds appear to be equivalent to ESCs maintained on feeders. Long-term cultured ESCs in medium containing ID-8 retained the expression of Sox2, Nanog, and Rex-1. These observations suggest that ID compounds regulate the pathways involved in ESC self-renewal to maintain undifferentiation of ESCs.
Several small molecules have been reported to maintain ESC self-renewal. Recently we characterized another small molecule, IQ-1, that maintains ESCs selfrenewal by increasing -catenin/CBP mediated transcription at the expense of -catenin/p300 interaction. 17) A GSK-3 inhibitor, BIO, also maintains ESCs by regulating the Wnt signaling pathway. In contrast, IDs do not affect TOPFLASH activity (data not shown), similarly to SC1, a recently characterized dual inhibitor of RasGAP and ERK1. 29) Since several growth factors and signal molecules are involved in ESC self-renewal, including bFGF, TGF-/BMP, and PI-3K/Akt, it is consistent that these small molecules maintain ESC pluripotency through various pathways. These small molecules provide a promising alternative for unveiling the complexity of ESC self-renewal, although the mechanism by which ID compounds maintain ESCs self-renewal has yet to be identified in detail. Moreover, ID compounds show promise as a safe condition for human ESCs cultures aiming for cell replacement therapy alone or in combination with other small molecules.
Human ESCs derived from the inner cell mass of preimplantation embryos can be maintained in vitro. Similarly to mouse ESCs, human ESCs have the capacity to differentiate into cell types from all three germ layers both in vitro and in vivo. These characteristics indicate that human ESCs have the potential to provide an unlimited supply of different cell types in tissue replacement, drug screening, and functional genomics applications. All potential applications, however, depend largely on the routine availability of moderate to large numbers of cells, necessitating methods amenable for scale-up. Although, in mouse ESCs, the feeder layer can be replaced by the addition to the growth medium of LIF, LIF does not have this effect in human ESC cultures. To date, both the derivation and maintenance of human ESCs require the use of feeder Over the 30-d culture period, ESCs were cultured in serum-free medium supplemented with 10 mM ID-8. Three days after removal of ID-8, ESCs were harvested and mRNA was extracted. Semi-quantitative RT-PCR analysis of Nanog, Sox2, and Rex-1 was performed. Gene expression levels at day 0 were set at 1. Error bars indicate standard deviation. cells, and it is technically challenging for large-scale production of human ESCs.
ID compounds maintain human ESCs in the undifferentiated state without MEF.
30) The culture system described here makes possible safer mass culture, since ESCs avoid contact with cells of different animal species and unidentified factors. Hence it has greater potential for therapeutic and other applications.
